Eight European laboratories with access to five different thermogravimetric analyzers participated in this round-robin study of Avicel PH-105 cellulose pyrolysis at 5 and 40 C/min. Agreement between the laboratories on the temperature (Tpeak) associated with the maximum rate of weight loss at 5 C/min was good. Less agreement was obtained on the residual char yield. At 40 C/min, the scatter associated with measurements of Tpeak and the char yield increased. Good fits to each weight loss curve were obtained by use of a kinetic model based on an irreversible, first order reaction with a high (ca. 244 kJ/mol) apparent activation energy (E). Variations in values of E and the pre-exponential constant (A) are attributed to variations in thermal lag between the various instruments, and at different heating rates. Kinetic parameters are presented which offer a good fit to the 5 C/min round-robin data, and which prescribe an envelope that contains the data. We recommend that future studies of biomass pyrolysis by thermogravimetry include an analysis of Avicel PH 105 cellulose at 5 C/min, and a comparison of the resulting weight loss curve with the curves presented herein.
Introduction
Almost 20 years ago Chornet and Roy 1 called attention to gross disagreements in the literature concerning the kinetics of cellulose pyrolysis. At about the same time, Antal et al. 2 reported systematic temperature shifts of 20 -25C at all heating rates in a Dupont 951 thermogravimetric analyzer, depending upon whether the sample thermocouple was placed slightly upstream or slightly downstream of a 2 mg Grønli, M.; Antal, M. J., Jr.; Várhegyi, G.: A round-robin study of cellulose pyrolysis kinetics, Page 2 of 15 cellulose sample. Since that time, many more papers have appeared in the literature, yet there is still no consensus concerning the kinetics of cellulose pyrolysis. 3 One explanation for the disagreements is the potential role of varied systematic errors in temperature measurement among the various thermobalances used by researchers. 4, 5 Systematic errors comparable to those reported by Antal et al. 2 can explain the widely scattered values of the activation energy and pre-exponential constant recorded in the literature. 6 To test this hypothesis we organized a round-robin study of cellulose pyrolysis kinetics by thermogravimetry, whose results are recorded in this paper. The organization of this round-robin benefited from the experience gained by one of the authors (MG) in an earlier study 7 that involved three different laboratories. The present round-robin included five widely used thermobalances. All conventional designs for accurate measurement of weight loss and temperature in a heated environment were represented. We deliberately permitted each laboratory to employ its own standard procedures related to gas flows, buoyancy corrections, etc. (see below) in order to obtain a realistic assessment of scatter in the data. Future round-robin studies may wish to strictly define these procedures at the outset.
To the best of our knowledge, this is the first round-robin study of the kinetics of cellulose pyrolysis reported in the literature. Figure 1 displays schematics of these five thermobalances, and Table   1 summarizes the manufacturers' technical specifications of these instruments. Table 1 also lists some details of the experimental conditions and procedures employed by each laboratory. We remark that each participant in this study has had considerable experience with thermogravimetric analysis.
The results we present represent each laboratory's independent analysis of the sample, without knowledge of the results obtained from the other laboratories (except those results that were already available in the archival literature).
Prior to the initiation of the round-robin we selected heating rates of 5 and 40C/min for study. The lower rate was chosen to minimize systematic errors in temperature measurement due to thermal lag during pyrolysis; whereas the higher rate was employed to evoke some thermal lag. Likewise, we asked our collaborators to use small sample masses ( 5 mg) in the experiments to further minimize the influences of heat and mass transfer. The actual sample masses (m0) employed by the different laboratories at the two heating rates are displayed in Tables 2 and 3 . Note that many of the participants reduced the sample mass that they employed at the higher heating rate (see Table 3 ) to decrease the impact of heat and mass transfer limitations on the experimental measurements. Also, the Hungarian Academy of Sciences (HAS) executed additional experiments with sample masses in the range 0.1 to 1.0 mg to offer insight into the effects of sample size on results at the higher heating rate. All the participants (except the HAS) used flowing nitrogen as the inert purge gas. The HAS used high purity argon to maintain consistency with its earlier work. 
Kinetic Analysis
The kinetic analyses presented in this paper are based on the first-order rate equation:
where  = 1-(m(t) -mf)/(m0 -mf), k = A exp(-E/RT), m(t) is the time dependent sample mass, m0 is the initial, dry sample mass, mf is the final sample mass, A is the pre-exponential constant, E is the apparent activation energy, R is the gas constant, and T is the sample temperature. Earlier work has shown that a first-order model offers a good fit to weight loss curves obtained at a single heating rate, 3 and that differences in kinetic parameters obtained at different heating rates can be attributed to thermal lag. 3, 4 These matters will be examined in greater detail below.
In addition to the parameters A and E, equation (1) evaluated within an interval that was defined relative to the value of the differential thermogravimetric (DTG) peak temperature (Tpeak). The starting point of the interval was given by the time at which the measured sample temperature reached Tpeak -80C; whereas the ending point of the interval was given by the time at which the temperature reached Tpeak + 50C. Likewise, the initial dry sample mass (m0) was determined to be the TG value at Tpeak -80 C. The fit of the calculated TG curve to the experimental curve at the optimal set of parameters is given by:
Two independently developed programs were used for the NLS analysis. The Norwegian University of Science and Technology (NTNU) program was written in Matlab 4.0 operating under Windows NT. 7 The HAS program was written in Fortran 90 operating under Windows 95. 8, 9 This program runs as a "console application" and passes the results to another Windows application program written in C++ for graphic display. Although the algorithms employed by the two laboratories were different, the values of the best-fit parameters identified by each program were essentially identical.
Figure 3.
Kinetic evaluations of the TG curves. Kinetic parameters used to create the best-fitting curves (  ) for each instrument are listed in Table 2 (5 C/min) and Table 3 
Results and Discussion
Figures 2a and 2b display results obtained by the round-robin participants at 5 and 40 C/min (respectively). As expected, the 5 C/min curves enjoy generally good agreement: values of Tpeak (see Table 2 ) fall within a range of 17 C. Instrument #5 recorded weight loss at the highest temperatures, and Instrument #1 at the lowest temperatures. Differences in temperature measurement can result from different temperature correction algorithms employed by the operators. The operator of Instrument #5 mentioned to us that the thermocouple employed in his instrument had not been re-calibrated for several months prior to the Avicel experiment. Similarly, Instruments #1 and 2 recorded the highest value of the char residue (mlast/m0), and Instrument #7 the lowest char residue. These differences can result from small errors in the specification of the initial (dry) sample mass, or baseline drift during heating. Note that the values of mlast/m0 (see Table 2 ) span a range of 4.0 to 10.9%. Obviously, the measurement of the very small Avicel char residue by thermogravimetry lacks precision.
The 40 C/min curves evidence more scatter. Nevertheless, Instrument #5 continued to record weight loss at the highest temperatures, and Instrument #1 at the lowest temperatures. Likewise, Instrument #2
continued to report the largest value of the char residue; whereas several different instruments concurred on the lowest value (see Table 3 ). Note that the values of Tpeak at 40 C/min span a range of 17 C, which is identical to the scattering of values at 5 C/min. These observations suggest that the differences in sample temperature measurement are largely due to different systematic errors in the calibration of the sample thermocouples used by the different instruments. Also, the scatter in the measured values of the char residue remained large: values of mlast/m0 range from 2.9 to 10.5%. Tables 2 and 3 represents only a small difference in experimental data. To illustrate this fact, we used the mean values, and the highest and lowest values of the kinetic parameters taken from the central six curves in Figure 2a to generate simulated weight loss curves and their derivatives at 5 C/min (see Figure 4) . Obviously, differences between the three calculated curves displayed in Figure 4 are small relative to actual differences in the experimental curves displayed in Figure 2a . From this it is evident that the locations and shapes of the experimental weight loss curves at a given heating rate are not overly sensitive to reasonable changes in the values of E, log A, and mf/m0. The decrease in the values of both E and log A at higher heating rates (compare values in Table 3 to those in Table 2 ) is a familiar manifestation of the compensation effect. Both this decrease, and the related compensation effect, can result from increased thermal lag at higher heating rates. 6 Systematic errors in temperature measurement, which result from thermal lag, can be reduced by decreasing the size of the sample. Figure 5 illustrates this approach. As the sample size is reduced from 0.95 to 0.11 mg, the thermal lag decreases by 8 C. Note that this 8 C decrease represents half of the range of values of Tpeak determined by the various instruments at 40 C/min. Table 4 displays kinetic analyses of the curves in Figure 5 . Note how the decrease in thermal lag increases the values of E and log A. Our readers may wonder if the temperature shifts displayed in Figure 5 (and elsewhere in this paper) could result from mass transport limitations. 10 It is well known that mass transport limitations can strongly affect the char yield. It is also possible that differences in the gas flow rates, and the exposure of the sample to the gas flow, might explain some of the observed differences between the different instruments employed in this study. Nevertheless, we remark that an increase in resistance to mass transfer lowers the value of Tpeak for cellulose pyrolysis at a given heating rate. [11] [12] [13] But in Figure 5 the values of Tpeak increase as the sample size (i.e. the resistance to mass transfer) increases. Consequently, we doubt that the temperature shifts displayed in Figure 5 are a result of mass transfer resistances.
One approach to representing the effects of thermal lag on pyrolysis kinetics is to incorporate the uncertainty in the temperature measurement into an uncertainty in the value of log A. As discussed in earlier papers, 3, 4, 9 this approach has merit because small changes in the value of log A (at constant E) result in temperature shifts of the weight loss curve without significant changes in the actual shape of the curve. Thus the uncertainty in the temperature measurement is represented as an uncertainty in the value of log A. Following this procedure, we fixed the value of the parameter E at the mean value (i.e. 244
kJ/mol) listed in Table 2 , and calculated new values of the parameters log A and mf/m0 to give a best fit to each individual weight loss curve (see Table 5 ). As shown in Figure 6a , the curve which results from the mean values of log A and mf/m0 listed in Table 5 offers a good fit to all the weight loss curves at 5 C/min. Furthermore, we can construct an envelope for all the experimental curves displayed in Figure 2a by use of the largest and smallest values of log A and mf/m0 listed in Table 5 , and the fixed value E = 244 kJ/mol. This envelope is also displayed in Figure 6a . Note that this envelope nicely incorporates the results of all the participants in this study. Our readers may wonder how the shape and placement of the three calculated weight loss curves change when the heating rate is increased from 5 to 40 C/min. Figure   6b displays these three curves (which are based on the 5 C/min parameters), as well as the round-robin experimental data at 40 C/min, and a similar, first order fit to the high heating rate data. Considering the spread in the round-robin data, the low heating rate kinetic parameters offer a reasonable fit to the higher heating rate data. For example, the curve (open circles) derived from the mean values of the 5 C/min data in Table 5 is shifted to lower temperatures by only 4 C from the curve (closed circles) that represents a good fit to the 40 C/min data. Likewise, the high temperature envelope curve is only about 4
C lower than the highest temperature experimental data. We believe that thermal lag is responsible for the small differences (ca. 4 C) that separate the 40 C/min experimental curves from the calculated curves obtained by use of the 5 C/min kinetic parameters. Table 5 . Kinetic evaluation of Avicel cellulose TG curves at a nominal heating rate of 5C/min using the mean value of the apparent activation energy given in Table 2 Table 6 . Means of the parameters in Table 2 Means of the parameters in Table 5 . (Kinetic evaluation with a fixed E value. See curve    in Figure 6 .)
243.95 19.023 8.451
Highest log A and lowest mf/m0 in Means of the parameters in Table 3 . 
4.
Kinetic analyses of the 40 C/min data resulted in values of E and log A that were somewhat lower than those obtained at 5 C/min. This decrease in E and log A was attributed to the increased impact of thermal lag on the experimental temperature measurement at the higher heating rate.
5.
A decrease in the sample size from 0.95 to 0.11 mg decreased the systematic error due to thermal lag, and increased the values of E and log A. This result is consistent with the hypothesis that thermal lag is largely responsible for the decrease in values of E and log A at higher heating rates.
6.
Avicel PH 105 microcrystalline cellulose is stable during storage in air at room temperature over a period of years, and it is widely available in bulk at a low price. We recommend its adoption as a standard for use by scientists concerned with the pyrolysis of organic materials. Table 5 can be used with the rate law given by Equation 1 to create a curve (see Figure 6a ) which represents a good fit to all the experimental data obtained in this round-robin at 5 C/min. Similarly, the high and low values of log A and mf/m0 given in Table 5 , together with the fixed value E = 244 kJ/mol, can be used to create curves which prescribe an envelope (see Figure 6a ) that contains all the weight loss curves displayed in Figure 2 . The exact kinetic parameters used to create these three curves are listed in Table 6 . We recommend that future studies of biomass pyrolysis by thermogravimetry include an analysis of Avicel PH 105 cellulose at 5 C/min, and a comparison of the resulting weight loss curve with the good fit curve, and the envelope of curves discussed above.
Mean values of the kinetic parameters listed in

8.
One reviewer commented: "If a study of this care, with such capable authors, reveals such a significant effect of TGA apparatus, it may be that readers will shy away from TGA as a tool for kinetics analysis, with or without Avicel PH 105 cellulose. I wonder if the authors could comment on this." In our experience, the scatter in experimental data displayed in this paper well represents the current state-of-the-art. Careful work reported by esteemed colleagues in the prior literature no doubt incurred similar (if not worse) instrumental errors. Modern thermobalance data are beguilingly simple to generate, but not necessarily accurate. Significant uncertainties are present in data obtained from the best state-of-the-art instruments. Unfortunately, we are not aware of any other experimental techniques which offer more reliable data. We are inclined to acknowledge the fact that biomass pyrolysis kinetics are inherently difficult to study by any technique, and these difficulties contribute significant uncertainties to our understanding of the phenomena. In light of this fact, we recommend that all researchers heed the impact of systematic errors on their interpretation of thermobalance data.
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